Abstract -We present a spreadsheet model that identifies the costs, water, labor, 20 fertilizer, pesticides, fuel, energy, carbon emissions, and particulates required of 21 and generated by a user-specified residential or commercial landscape over its 
Introduction

40
Outdoor water use comprises a large portion of deliveries for many western municipal water 41 utilities, and utilities are stepping up efforts to improve urban landscape irrigation efficiency. 42
Many utility conservation programs have targeted behaviors associated with irrigation. 43
Examples include ordinances to limit when people can water, outreach programs to help educate 44 customers about plant water needs, landscape irrigation evaluations to help improve the 45 application efficiency of irrigation systems, rebates to help offset costs to connect irrigation 46 controllers to weather sensors (Mayer et al. 2009 ), and water-budget-based rate structures 47 (Mayer et al. 2008 Third, urban landscapes are complex systems. Plant composition, site-specific conditions, and 56 maintenance activities interact in many ways so that it is difficult to determine the effect on 57 water use of changing one or more landscape system components. And fourth, little information 58 is available to property owners about the impacts of changing one or more landscape components 59 on their overall water and energy consumption. Costs, required labor, fertilizer, fuel, pesticide 60 and energy use, carbon dioxide (CO 2 ) and particulate emissions, aesthetics, and other attributes 61 may also influence property-owner landscape choices. Further, existing information is dispersed 62 among scientific and university Cooperative Extension sources, vendors, and landscape 63 professionals, and is not organized or synthesized to support decision-making by property 64 owners. 65
To address some of these limitations and support property owner landscape decisions, we have 66 developed a spreadsheet model that identifies the costs, required labor, water, fertilizers, 67 pesticides, energy, fuel, carbon emissions, and particulates required for, or generated over, the 68 life of a user-specified landscape. This life includes all onsite landscaping activities such as 69 preparing the site, purchasing and installing materials, annual maintenance and operations, and 70
replacing features and components that wear out or die. Modeled landscape features and 71 components include drought tolerant and intolerant trees, shrubs, ground cover, turfgrass, 72 perennials, annuals, and vegetable gardens. In addition, hardscaping, decks, irrigation systems, 73 fencing, and rock walls are also considered. The model quantifies costs, inputs, and impacts in 74 easy-to-understand units such as dollars, gallons, pounds, hours, kilowatt-hours, pounds of CO 2 75 or particulate matter, square feet, cubic feet, and cubic yards. Landscapers, landscape architects, 76 contractors, and owners of residential and commercial properties can use the model to identify 77 costs, required inputs, and impacts for a current landscape, landscape plan, or modifications to 78 them. This information can help property owners (who are willing to invest the time and effort) 79 determine a preferred landscape. 80
The spreadsheet model fully implements the concept of value landscape engineering (VLE). The 81 VLE concept was introduced over a decade ago (Rupp et al. 1997a ; Rupp et al. 1997b ) and 82 sought to consider all activities associated with a particular landscape over its life. Maintenance labor (hours/year) is calculated by multiplying task rates (hrs/unit), the number of 204 specified units, and the frequency (times/week, month, or year) the task is performed. 205
Maintenance includes labor to prune trees and shrubs, remove dead perennials and annuals, 206 weed, apply pesticides and herbicides, and mow, edge, blow, and fertilize turf. Should a user 207 select above-ground hoses and sprinklers to irrigate one or more plant zones, there is additional 208 labor required to move the hoses and sprinklers. The user's selection of the desired maintenance 209 level determines the frequency maintenance tasks are performed. 210
Finally, labor to remove and reinstall landscape features (hours/replacement) is calculated by 211 multiplying required units and task rates. For example, when fast-growing trees die, they need to 212 be taken down and the stump removed. A new tree is then planted. Similarly for shrubs, 213 perennials, ground covers, and other landscape structures and systems. Task rates for 214 reinstallation are the same as for the initial installation. 215
We use labor task rates in existing publications (Thompson and Sorvig 2008) Equipment economies-of-scale also affect fuel use and are included by using the engine 243 horsepower specific to the labor task rate used to calculate labor. 244
Non-Fuel Energy Use 245
Net energy use is quantified in kilowatt-hours (kW-hr) and is estimated as the energy used by 246 electrical equipment to maintain the landscape minus the energy saved from reduced heating in 247 winter and cooling in summer. When electrical maintenance equipment (such as an electric 248 lawnmower) is selected, the model calculates annual energy use (kW-hr/year) by converting the 249 equipment engine's horsepower rating to kilowatts then multiplying by the hours per year 250 equipment is used (see Labor, above). We assume energy savings accrue when certain types and 251 numbers of trees are planted near a house or building. The model calculates savings as a 252
percentage of existing metered energy use (also entered by the user). Energy savings accrue 253 when a user indicates they will plant: 254
• At least three deciduous trees within 3 feet of the building on the south or west sides, or 255
• At least 6 coniferous trees on the north or east side of the house or building. To model these landscapes, we generally used VLE model default settings except for the 329 Economic Life of the Landscape. We changed this value to eight years to match the number of 330 years for which observational data were available. We selected an "intense" maintenance level 331
as JVWCD has staff to maintain the landscapes, but we also revised some maintenance levels to 332 more accurately reflect the times and frequencies JVWCD staff perform and do not perform 333 several activities: mowing turfgrass once per week, edging and blowing all areas once per week 334 with a string trimmer and blower, fertilizing only turf areas, weeding all areas (including turf) by 335 hand, and not rototilling or applying pesticides. Table 3 shows the landscaped areas and planting 336 coverage in the three landscapes. Below, we describe each landscape and compare VLE model 337 results to JVWCD observations. 338
Landscape descriptions 339
Traditional Landscape 340
The Traditional Landscape in the Conservation Garden Park resembles a traditional 341 intermountain west landscape choice and has a large cool-season turfgrass area, some drought-342 tolerant shrub beds, drought-tolerant and drought-intolerant perennial beds, paved walkways, 343 drought-tolerant ground cover, and several trees. An in-ground sprinkler system operating at 344 peak efficiency irrigates the entire landscape. 345
Perennial Landscape 346
The Perennial Landscape uses perennial plants, some shrubs, ground cover, and paved areas. It 347 has a much smaller area of cool-season turfgrass than the Traditional Landscape. In-ground 348 sprinklers irrigate the turf area, while a drip system irrigates the remaining planting areas. 349
Woodland landscape 350
The Woodland Landscape has only trees and drought-tolerant shrubs and perennials. It is 351 irrigated entirely by a drip system, has no turfgrass, and is an example of a dry shade garden. 352
Comparing VLE model results to JVWCD observations 353
Water use 354
For the eight-year comparison period, observed and modeled water uses for each landscape are 355 similar (Table 4) . We used the root mean squared error (RMSE) to quantify model error which 356 was 13,800 gallons/year. Mathematically, RMSE is the average squared differences between 357 modeled (M l,t ) and observed (O l,t ) annual water use in the three landscapes l over the seven post-358 establishment years t included in the error estimate (Eq. 2). 359 ( ) show that a warm-season turfgrass landscape costs less over a 25-year period, has lower annual 424 costs, and requires less water, nitrogen, and labor than a cool-season turf landscape ( 
Reduce turfgrass area 436
A second water-conserving landscape option is to reduce turfgrass area. Here we examine 437 converting turfgrass to either (i) equal areas of planted drought-tolerant shrubs and perennials, or 438
(ii) hardscape. 439
As turfgrass coverage is reduced from 80% (in the "existing" landscape) to 0% (no turfgrass), 440 water use falls but total costs nearly double (when replacing all turfgrass with hardscape) or 441 triple (when replacing with shrubs and perennials) over the life of the landscapes (Figure 2 ). 442
Note, the existing landscape already has hardscape, shrubs, and perennials (10%, 5%, and 5% 443 coverage), so reducing turf area also increases shrub/perennial or hardscape coverage from 10% 444 to 90%. Total costs rise sharply because hardscaping, shrubs, and perennials are more expensive 445 to purchase per square foot and because perennials, mulch, and some shrubs must be replaced 446 more frequently than turf. But choosing the right mix of plants to substitute for turf is also 447 important. For example, substituting long-lived drought-tolerant shrubs for all turf only increases 448 total costs by a factor of 2 not by 3. Figure 2 also highlights other important tradeoffs among 449 inputs. First, annual costs fall as shrubs, perennials, and hardscape require less fuel and other 450 inputs than turf. Second, shrub and perennial landscapes require less labor to maintain than turf, 451 but require significantly more labor over the landscape life to install, replace, and reinstall plant 452 materials. And third, there is slight decrease in net CO 2 sequestered when substituting hardscape 453 for turf and a large increase when transitioning to shrubs and perennials. These results show that 454 conventionally maintained turf is a net carbon sink; but this finding is sensitive to the 455 maintenance level and carbon sequestration rate assumed (Townsend-Small and Czimczik 2010). 456
More intense management 457
Property owners may also want to know the additional costs, labor, and other inputs associated 458 with the improved look of a more intensely managed landscape. Comparing VLE model results 459 for (i) the conventional maintenance level in the "existing" landscape to a (ii) more intense level 460
shows that required labor, water, and other inputs significantly increase (Table 7) . Hydrocarbon 461 output also increases as net carbon sequestered by the landscape decreases. 6.3 8.0 3.5 3.1 1.9 2.5 Gasoline 4.4 5.1 1.6 0.5 0.0 0.0 Gasoline-Oil 1.9 2.9 1.9 2.5 1.9 2.5 a. Uses intense maintenance level but excludes rototilling, applying pesticides, and fertilizing non-turf areas that JVWCD does not do. Fertlizes turf areas at "conventional" maintenance level. Also uses less frequent turf mowing and more frequent blowing and weeding of turf, ground covers, perennials, and annuals that are more reflective of activities JVWCD does do.
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